Recently, attention has been focused on the cardiovascular protective effects of beet juice (BJ) with high amounts of nitrate. In this study, we examined the effect of BJ supplementation in a rat model of monocrotaline (MCT)-induced pulmonary hypertension (PH).
Original article
Pulmonary hypertension (PH) is a difficult-to-treat disease characterized by elevated pulmonary arterial pressure due to pulmonary vasoconstriction and remodeling. Since the progression of the disease leads to right heart failure and death, its management is an important clinical task. A decrease in the bioavailability of the biological mediator, nitric oxide (NO), in pulmonary circulation has been verified as the causal mechanism for the development of PH. 1 NO possesses various physiological properties including vasodilation, anti-aggregation of platelets, inhibition of interstitial fibrosis, and anti-proliferation of smooth muscle cells. 2 Therefore, NO is well acknowledged as a therapeutic target molecule for PH. 1 Inorganic nitrite and nitrate serve as sources for NO production and have the potential for application in treating diseases. 3 As for PH, many preclinical studies have provided evidence that inorganic nitrite and nitrate can improve symptoms such as pulmonary vascular remodeling, increased pressure in pulmonary circulation, and right ventricle (RV) hypertrophy in animal models of PH. [4] [5] [6] [7] [8] [9] In addition, related clinical trials are ongoing, some of which have started reporting results in recent years. 10, 11 All of these studies emphasize the usefulness of inorganic nitrite and nitrate in the treatment of PH.
Beet juice (BJ) contains a relatively high amount of inorganic nitrate and is believed to produce the same cardiovascular benefit as that afforded by inorganic nitrate given as a drug. 3 In fact, BJ supplementation has been shown to protect against myocardial ischemia/ reperfusion-induced morphological and functional disorders in mice, 12 to ameliorate vascular dysfunction and hypertension induced by a high-carbohydrate, high-fat diet in rats, 13 and to improve microvascular conductance in rats with chronic heart failure. 14 However, there is no report on whether BJ supplementation exerts beneficial effects against PH. Therefore, this study was aimed at examining this issue using a rat model of monocrotaline (MCT)-induced PH.
Experimental protocols are illustrated in Figure 1 . In the first experiment, the effects of BJ supplementation starting from the day of MCT injection were examined. Briefly, the rats were subcutaneously injected with 0.9% saline (referred to as "control") or 60 mg/kg MCT (Sigma Chemical Co., St. Louis, MO); at this time, there was no difference in body weight between the groups. MCT-injected rats were assigned to receive either drinking water or Beet Juice Powder (PINES International Inc., Lawrence, KS) dissolved in water. BJ was administered at a low dose (1 g/l, containing 0.4 mmol/l nitrate; several times higher than in the drinking water) or a high dose (10 g/l, containing 3.6 mmol/l nitrate). The doses were determined according to a previous study wherein this juice powder was used. 12 Saline-injected rats were given drinking water. The solutions were changed every day. The average water intake per day was as follows: control group, 54 ml; MCT group, 44 ml; low-dose BJ group, 45 ml (nitrate intake: 54 µmol/kg/day); and high-dose BJ group, 41 ml (nitrate intake: 450 µmol/ kg/day). Four weeks later, hemodynamic parameters were measured, and then blood samples were collected via the inferior vena cava to determine plasma nitrite plus nitrate (NOx) concentrations. The rats were finally euthanized, and the heart and lungs were excised, weighed, and used for a morphometric analysis.
In the second experiment, the effects of BJ supplementation starting from before or after MCT injection were examined. In the former and latter cases, low-dose BJ (1 g/l) supplementation was started 1 week before (referred to as "pre-BJ") and 2 weeks after (referred to as "post-BJ") MCT injection, respectively. Other procedures were exactly the same as described above. The average water intake per day was as follows: control group, 47 ml; MCT group, 38 ml; pre-BJ group, 52 ml (nitrate intake: 61 µmol/kg/day); and post-BJ group, 45 ml (nitrate intake: 50 µmol/kg/day).
Hemodynamic measurement
Each rat was anesthetized with intraperitoneal sodium pentobarbital (40 mg/kg; Kyoritsu Seiyaku Co., Tokyo, Japan) and a polyethylene catheter was inserted into the right carotid artery to measure central hemodynamics, such as mean arterial pressure and heart rate, by using a pressure transducer coupled to a polygraph system (RM 6000, Nihon Kohden, Tokyo, Japan). Another polyethylene catheter was inserted into the RV through the right jugular vein to measure right ventricular systolic pressure (RVSP).
NOx measurement
Plasma NOx concentration was measured using an ENO-20 NOx Analyzer (Eicom, Kyoto, Japan) according to the manufacturer's instruction. Briefly, plasma was mixed with methanol (1:1, v/v) and the mixture was centrifuged at 10,000 × g for 10 minutes at 4 °C to separate the proteins. The resulting supernatant was stored at −80 °C until analysis. The supernatant (10 µl) was diluted with the mobile phase (NOCARA, Eicom) and injected into the ENO-20 system, wherein the analysis was performed by combining a diazo coupling method with high-performance liquid chromatography. Nitrite and nitrate levels were determined through comparison with the results obtained using standard solutions (NO-STD, Eicom).
Histological analysis
Pulmonary arterial medial thickening was assessed as previously reported. 9 Briefly, the left lung was fixed in 10% phosphate-buffered formalin and routinely embedded in paraffin. Tissue sections with a thickness of 4 µm were obtained and stained with Elastica van Gieson stain for examination by light microscopy. Vessels with 2 well-defined elastic lamellae and a layer of smooth muscle between the 2 lamellae were defined as resistance pulmonary arteries. The external diameter and medial wall thickness were determined for 10-15 muscular arteries (50-150 µm in external diameter) per lung section by using an image analyzer (AE-6905C, ATTO, Tokyo, Japan). For each artery, the wall thickness percentage was calculated and expressed as follows: medial thickness (%) = [(medial thickness × 2)/external diameter] × 100. The values obtained were averaged per animal and then per group.
Statistics
All values are expressed as the mean ± SEM. Statistical analyses were performed using the Graph Pad Prism 7.0 software (Graph Pad Software Inc., San Diego, CA). Data were compared using one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparisons test with the MCT group as a reference. Differences were considered to be significant at P < 0.05.
RESULTS

Beet juice supplementation starting from the day of MCT injection
Compared to the MCT-injected rats, rats with BJ supplementation, regardless of the dose administered, showed no significant impact on body and organ weights and central hemodynamics ( Table 1) . As shown in Figure 2a , MCTinduced RVSP elevation was significantly less in the lowdose BJ group but not in high-dose BJ group. Likewise, RV-to-left ventricle plus septum (LV + S) weight ratio tended to be suppressed by low-dose BJ supplementation, though not significantly, compared to that associated with MCT alone (Figure 2b ). In addition, MCT-induced pulmonary arterial medial thickening was significantly reduced only in the low-dose BJ group (Figure 2c ). There was no dramatic difference in the plasma NOx levels between the groups, while a tendency of a dose-dependent increase was associated with BJ supplementation (Figure 2d ). Nitrite and nitrate levels were also not significantly different between the groups (Figure 2e and f) . Since the preventive effects of low-dose BJ supplementation were superior to those of high-dose BJ supplementation, the following experiments were performed with low-dose supplementation only.
Beet juice supplementation starting from 1 week before MCT injection BJ pre-supplementation did not affect general parameters and hemodynamics (Table 2) . RVSP in the pre-BJ group was slightly higher than that in the MCT group (Figure 3a) . Marked RV hypertrophy, similar to that observed in the MCT group, was noted in the pre-BJ group (Figure 3b) . Furthermore, the degree of medial thickening was similar between the MCT and pre-BJ groups (Figure 3c ). BJ presupplementation or a lack of it did not significantly affect plasma NOx, nitrite, and nitrate levels (Figure 3d-f) .
Beet juice supplementation starting from 2 weeks after MCT injection
A variety of parameters shown in Table 2 were not different between the MCT and post-BJ groups. As can be seen in Figure 3 , RVSP (Figure 3a) , RV/LV + S (Figure 3b) , and medial thickening ( Figure 3c) were identical in the MCTinjected rats with and without BJ post-supplementation. Plasma NOx, nitrite, and nitrate levels in the post-BJ group were comparable to those in the MCT group (Figure 3d-f) .
DISCUSSION
This study demonstrated for the first time that BJ supplementation can inhibit the progression of PH. Briefly, MCTinduced RVSP elevation, RV hypertrophy, and pulmonary vascular remodeling were suppressed by supplementation with low-dose BJ starting from the day of MCT injection. This finding is in line with that of previous reports showing beneficial effects of inorganic nitrate, a major component of BJ, on the development of PH. 4, 5 However, BJ contains not only inorganic nitrate but also many health-promoting substances, such as vitamin C and polyphenols. 15 In fact, a recent report highlighted the inorganic nitrate-independent effects of BJ. 16 In this regard, BJ supplementation at a dose that provided preventive advantages in this study did not increase plasma NOx levels. Although low-dose BJ contains several hundred µmol/l nitrate, this amount might be not enough to increase circulating NOx levels. In addition, there is also a possibility that nitrate increased by BJ ingestion was Data are the mean ± SEM values of 6-8 experiments. *P < 0.05 and **P < 0.01, compared to the MCT group. Abbreviations: BJ, beet juice; BW, body weight; HD, high-dose; HR, heart rate; HW, heart weight; LD, low-dose; (LV + S)W, left ventricular plus septum weight; LW, lung weight; MAP, mean arterial pressure; MCT, monocrotaline; RVW, right ventricular weight. reduced to NO, which then reacted with target molecules. Unfortunately, it is unclear if inorganic nitrate is the main factor mediating the pulmonary protective effects of BJ used this time.
BJ supplementation to rats has been shown to stimulate the synthesis of hydrogen sulfide (H 2 S), an antioxidant and vasoactive transmitter, resulting in cardioprotection. 12 Although H 2 S can suppress MCT-induced elevation in RVSP, RV hypertrophy, and pulmonary arterial remodeling, 17, 18 this active substance easily reacts with NO, controlling its levels. 19 These features are in line with the outcomes of this study wherein low-dose BJ supplementation halted the progression of PH without increasing NOx levels. Therefore, it is possible that the action of BJ was partly caused by H 2 S production. Future studies are required to identify the factor(s) responsible for BJ supplementation-induced beneficial effects on PH.
The beneficial effects of BJ supplementation on MCTinduced PH were not seen in cases of high-dose BJ supplementation. Although it is unknown how much inorganic nitrate contributes to BJ-induced effects as described in the paragraph above, several studies have reported that excessive treatment with inorganic nitrate leads to adverse effects in the cardiovascular system. 20, 21 For example, Bakker et al. showed that high-dose sodium nitrate supplementation did not inhibit the development of atherosclerosis in ApoE −/− mice fed a high-fat diet, whereas low-and moderate-dose supplementation did. 20 In that study, the authors concluded that the lack of effect at the high dose is due to the negative feedback regulation of endogenous NO production. Data are the mean ± SEM values of 4-7 experiments. *P < 0.05 and **P < 0.01, compared to the MCT group. Abbreviations: BJ, beet juice; BW, body weight; HR, heart rate; HW, heart weight; (LV+S)W, left ventricular plus septum weight; LW, lung weight; MAP, mean arterial pressure; MCT, monocrotaline; RVW, right ventricular weight. Previously, we have demonstrated that a marked increase in casual plasma NOx levels is not favorable in rats with MCTinduced PH. 9 There is also a possibility that glycometabolism was affected by high-dose BJ supplementation because the juice contains carbohydrates. Nevertheless, it has been confirmed that excessive BJ ingestion is not good for the management of PH.
Further, we examined whether a more long-term intervention results in greater improvement in PH. Surprisingly, lowdose BJ supplementation starting from 1 week before MCT injection did not improve PH, as indicated by RVSP elevation, RV hypertrophy, and pulmonary vascular remodeling. The mechanism by which MCT induces PH might provide an important clue; to exert pulmonary toxicity, MCT must be metabolized to its active form by CYP3A and CYP2B in the liver, 22 and it has been demonstrated that BJ ingestion increases hepatic CYP2B expression in rats. 23 Therefore, although only a hypothesis, BJ pre-supplementation might have accelerated MCT metabolism in the liver, leading to a greater accumulation of toxicant in the pulmonary circulation. Whether or not chronic BJ ingestion starting before the onset of PH is more desirable must be addressed using other PH models besides an MCT-induced PH model.
In order to judge the usefulness of BJ supplementation on PH, not only preventive effects but also therapeutic effects must be evaluated. Low-dose BJ supplementation starting from 2 weeks after MCT injection did not exert any beneficial effects on RVSP elevation, RV hypertrophy, and pulmonary vascular remodeling. Many studies including ours have shown that at 2 weeks after MCT injection, PH progresses to some extent. 9, [24] [25] [26] Taking this fact into account, BJ used at this time point might not be able to reverse the developed PH and/or halt further disease progression. This theory is supported by findings reported by Ferguson et al., who demonstrated that BJ supplementation starting from 21 days after coronary artery ligation does not reduce myocardial infarction size and does not improve cardiac function. 14 Although habitual BJ ingestion can be recommended from the viewpoint of health promotion and disease prevention, it may be difficult-to-treat disease with only that intervention.
The findings obtained in this study would serve as a reference for future clinical application of BJ in the management of PH. However, it must be remembered that the preventive effects of BJ supplementation on MCT-induced PH were not very strong. This emphasizes again that BJ is useful as a supplement, not a drug. Hence, further basic studies are required to validate our interpretation; for example, a study should be conducted to investigate the additive effects of BJ supplementation on PH treated with existing drugs, such as phosphodiesterase type 5 inhibitors, prostanoids, and endothelin receptor antagonists. The ongoing (clinicalTrials.gov identifier: NCT01682356) and completed clinical trials (ISRCTN identifier: ISRCTN14888729, clinicalTrials. gov identifier: NCT02000856) may provide evidence on the effectiveness of BJ in patients with established PH. The latter study (NCT02000856) showed that BJ ingestion (nitrate intake: approximately 250 µmol/kg/day) for 7 days increases plasma nitrate and nitrite levels and tends to improve RV function in patients receiving Group 1 PH-specific therapies except for prostacyclin inhalation. 27 This evidence proves that BJ is certainly useful as a supplement in treating PH.
It is necessary to consider the fact that, in this study, there was a great variability in plasma nitrite levels. This may have occurred because nitrite was oxidized to nitrate during plasma preparation and storage. However, even if that was the case, we can conclude whether the level of circulating NO was increased or decreased because the level of NOx (the sum of nitrite plus nitrate) was determined. This approach is strongly supported by a study conducted by Moshage et al., 28 who evidenced that plasma nitrite determination alone is meaningless and plasma NOx determination is useful for assessing NO status.
The most notable limitation of this study is that despite there being several varieties of BJ, the study was conducted with only one of the varieties. Since the composition and content of nutrients may differ among varieties, BJ varieties from other manufacturers may slightly differ in efficacy. Furthermore, BJ supplementation was performed by ad libitum consumption; however, it is unclear if this is the best administration method.
In conclusion, a suitable amount of BJ ingestion was shown to be of value in preventing the development of PH, indicating that drinking BJ on a regular basis is a good habit in terms of preventing PH. Since the therapeutic benefit of BJ has been a hot topic in recent years and various investigations are ongoing, we believe more extensive-evidence will support this conclusion.
